We propose a general strategy to develop accurate Force Fields (FF) for metallic systems derived from accurate quantum mechanics (QM) calculations we illustrate this approach for tantalum.
Abstract
We propose a general strategy to develop accurate Force Fields (FF) for metallic systems derived from accurate quantum mechanics (QM) calculations we illustrate this approach for tantalum.
As input data to the FF we use the linearized augmented plane wave method (LAPW) with the generalized gradient approximation (GGA) to calculate:
(i) the zero temperature equation of state (EOS) of Ta for bcc,fcc, and hcp crystal structures for pressures up to 500 GPa.
(ii) Elastic constants.
(iii) We use a mixed-basis pseudopotential code to calculate volume relaxed vacancy formation energy also as a function of pressure.
In developing the Ta F F w e also use previous QM calculations of:
(iv) the equation of state for the A15 structure.
(v) the surface energy bcc (100).
(vi) energetics for shear twinning of the bcc crystal.
We nd that with appropriate parameters an embedded atom model force eld (denoted as qEAM FF) is able to reproduce all this QM data. Thus the same qEAM Force Field describes with good accuracy the bcc,fcc and A15 phases of Ta for pressures from ;10 GPa to 500 GPa, while also describing the vacancy, surface energy, and shear transformations. The ability of this single FF to describe such a range of sytems with a variety of coordinations suggests that it would be accurate for describing defects such as dislocations,grain boundaries, etc.
We illustrate the use of this qEAM FF with molecular dynamics to calculate such nite temperature properties as the melting curve up to 300 GPa, leading to a zero pressure melting temperature of T melt = 3 1 5 0 50Kingood agreement with experiment ( 3213 ; 3287 K). We also report on the thermal 
I. INTRODUCTION
Despite decades of experimental and theoretical research on the fundamental mechanical properties of materials, many questions remain open, particularly in the relation between atomistic processes (involving dislocations, grain boundaries, cracks, their mobility and interactions thereof) and the macroscopic behavior (plastic deformation, failure, etc.). The macroscopic plasticity is well characterized experimentally and described using a variety of mesoscale and macroscale models with parameters obtained empirically. These models and their parameters should ultimately be derivable in terms of the fundamental physics of atomic interactions as described by quantum mechanics (QM). Unfortunately despite the enormous progress in ab inito QM such calculations are too computationally demanding to study directly most processes relevant to plasticity and failure. To d o s o w ould require that millions of atoms bedescibed for nanoseconds or longer, calcuations that are impossible to consider today. In order to bridge this gap between atomic interactions and macroscopic plasticity we use rst principles QM data to derive an analytic force eld (FF)with which the forces can becalculated quickly given only the atomic positions. This allows us to use classical molecular dynamics (MD) to simulate the various atomistic processes governing the mechanical and thermodynamical properties of materials. Since the FF is derived by tting the QM, we expect that it can provide the same detailed understanding and insight as the QM, providing constituitve equations and parameters to be used in the mesoscale and macroscale models of plasticity.
We illustrate the procedures here for Ta. Ta is chosen because it exhibits only a single crystalline phase over the interesting range of temperatures and pressures. This should allow accurate experimental validation of the predicted properties. Ab initio methods have been used to study di erent mechanical properties of Ta. S oderlind and Moriarty used the full potential linear mu n-tin orbital method within the GGA approximation and with spin orbit interactions to calculate di erent zero temperature properties of of Ta, including EOS of di erent crystalline phases, elastic constants, and shear strength. 1 Vacancy formation migration energies have also beencalculated from rst principles. 2 3 Recently, Ismail-Beigi and Arias 4 calculated ab initio dislocation core energy and structures for Ta and Mo. On the other hand, several FF have been developed for bccmetals. The rst principles based multi-ion analytic model generalized pseudopotential (MGPT) force eld has been used to calculate several mechanical and thermodynamical properties of various metals, 5{7 including Ta. One of the most popular many-body force elds for metals is the Embedded Atom Model (EAM), proposed by D a w and Baskes in 1984. 8 Most EAM FF have been based on experimental data regarding structures at and near equilibrium for bccmetals, see for example 9{11]. One of the main advantages of the EAM FF is that it is computationally very e cient which allows MD simulations of large systems for long times.
In this paper we propose a strategy to derive accurate many b o d y F F b a s e d o n Q M c a l -culations these FF can be used to simulate the dynamics of systems with millions of atoms. We use accurate QM (LAPW GGA method) to calculate various mechanical properties of Ta which require a small numberof atoms: namely the zero temperature EOS for bcc,fcc and hcp crystalline phases, elastic constants. We use mixed-basis pseudopotential method to calculate vacancy formation energy. We nd that we can describe all this rst principles data using a classical manybodyEmbedded Atom Model FF (named qEAM FF) with good overall accuracy. We then illustrate the use this qEAM FF with MD simulations to study various properties as a function of pressure and temperature such as the melting curve of Ta up to pressures of 300 GPa, and thermal expansivity. This paper is organized as follows. In Section II we present rst principles results for the equation of state for bcc, fcc and hcp phases, elastic constants and volume relaxed vacancy formation energy and enthalpy for a wide pressure range. In Section III we develop the qEAM FF based on ab initio results. In Section IV we calculate the thermal expansivity of Ta using the qEAM FF and ab-initio calculations. Section V presents the calculation of the melting curve of Ta for pressures up to 300 GPa using molecular dynamics. Finally, i n section VI, conclusions are drawn.
II.QUANTUM MECHANICS RESULTS
We computed the static equation of state using the linearized augmented plane wave (LAPW) method. 12 13 LAPW is an all-electron method, with no essential shape approximations for the charge density or potential, and is easily converged. The 5p, 4f, 5d and 6s states were treated as band states, and the deeper states were treated as soft core electrons. Here we used the Perdew, Burke, and Ernzerhof (PBE) implementation of the generalized gradient approximation 14 for the exchange-correlation potential. A 16x16x16 special k-point mesh 15 was used, giving 140 k-points within the irreducible Brillouin zone of the bcc lattice. Tests demonstrated convergence with this mesh. The convergence parameter RKmax was 9 giving about 1800 planewaves and 200 basis functions peratom at zero pressure.
Total energies were computed for bcc,fcc and hcp phases at 20 volumes. For Brillouin zone integrations, 12x12x12 and 16x16x12 k-point meshes giving 182 and 180 k-points within the irreducible Brillouin zone for fcc and hcp lattice respectively were used after convergence tests. For the hcp phase, the ideal c/a ratio was used, and at two di erent v olume also c/a was optimized. We found that the change in the energy due to the this optimization is less than 40 meV/atom around zero pressure and decreases by pressure. We h a ve tabulated the ab-initio energy-volume data for the di erent phases and have made them available as supplementary material, see Ref. 16 . We have tted our energy-volume data to Rose's Universal equation of state 17 the obtained zero pressure volume (V 0 ), zero temperature bulk modulus (B T ), and its derivative with respect to pressure (B 0 T ) are shown in Table I . We also show in Table I the results obtained by S oderlind and Moriarty using full potential linear mu n-tin orbital method within the GGA approximation and with spin orbit interactions (denoted as FP LMTO GGA SC), and room temperature experimetal values by Cynn and Yoo. 18 Our LAPW calculations of the bcc equation of state agree well with the experimental values and previous theoretical calculations.
Static elastic constants c s =(c 11 -c 12 )/2 and c 44 ] were obtained from strain energies by straining the bcc cell with volume conserving tetragonal and orthorhombic. We calculate c s using tetragonal strain of the cubic bcclattice:
where a is the cubic lattice constant of the system, a, b, a n d c are the lattice vectors and is the strain. c s is related to the quadratic term of the strain energy:
where E 0 is the energy of the unstrained system and V 0 is its volume. Similarly c 44 is obtained from the orthorhombic strain:
the shear constant C 44 is obtained from:
The convergence of strain energies with respect to the Brillouin zone integration was carefully checked we used 16x16x16 k-points meshes in the full Brillouin zone giving 344 and 612 k-points within the irreducible Brillouin zone of tetragonal and orthorhombic lattice respectively. The zero pressure and zero temperature elastic constants are also shown in Table I . The resulting elastic constants as functions of pressure are shown in Figure 1 and available as supplementary material. 16 The zero pressure values and initial slopes are in good agreement with the experimental data of Katahara et al. 19 The change in behavior of c 44 at 150 GPa is probably due to the electronic transition evident in the equation of state. 20 This indicates that elastic constants can bemuch more sensitive to changes in the Fermi surface than the equation of state, where changes were much more subtle.
The vacancy formation energy was determined 21 using supercells of 16 and 54 atoms and a mixed-basis pseudopotential (MB-PS) code. 22 Using the GGA approximation, 23 the zero pressure volume relaxed vacancy formation energy was determined to be3.25 eV for a 54 atom supercell, and 3.26 eV for a 16 atom supercell, indicating convergence. The e ects of structural relaxation on vacancy formation energy are discussed in Ref. 21 . A comparison with recent ab initio and experimental results will be presented in the next section. The abinitio data used to calculate vacancy formation energies is also available as supplementary material. 16 
III.qEAM FORCE FIELD
In order to predict mechanical properties of materials and processes like phase diagrams, dislocations structures and mobility, m e c hanical failure, etc. it is important t o h a ve accurate classical force elds to describe the atomic interactions. With MD simulations it is then possible to study large systems (millions of atoms) for relatively long times (ns).
One of the most popular many-body force elds for metals is the EmbeddedAtom Model (EAM), proposed by Daw and Baskes in 1984. 8 This approach is computationally e cient and has been used successfully for numerous applications, like calculation of thermodynamic functions, liquid metals, defects, grain boundary structure, fracture, etc, see for example.
11, 24
The EAM implementation that we have used is based on the one proposed by Chantasiriwan and Milstein. 9 This from of EAM was chosen becauseit can describe third order elastic constants correctly thus being useful in a wide range of strains. The energy of a given atomic con guration with atom positions fr i g is given by:
where F( ) is the embedding energy, i is the total \electronic density" on the atomic site i, f(r) is the electron density function, (r) i s a t wo-body term and r ij = jr i ; r j j. 
the factor (r ; r m ) 4 ensures that the two body term and its rst three derivatives with respect to r vanish at the the cut-o radius (r m ).
The electron density is:
where V is the volume per atom of the system. The parameters of the \electron density" are volume dependent, but structure independent. The importance of the oscillatory behavior of the \electron density function" in embedded atom model-like force elds was emphasized by Chantasiriwan and Milstein 9 and is related to the ability to correctly describe anharmonicities of the crystals.
Finally the embedding energy as a function of the electronic density is obtained from the reference bccstructure:
where the sum is made in the reference (bcc) structure and U Rose (V ) is Rose's universal . We developed a classical EAM force eld for Ta based on rst principles theoretical results. We used the following data to t the qEAM FF:
(a) Zero temperature energy-volume and pressure-volume curves for di erent crystal structures (bcc, fcc and A15) in a wide pressure range, from ;10 GPa to 500 GPa.
For the bcc and fcc structures the data from Section I was used, while for A15 we used the results obtained by S oderlind and Moriarty. We t the parameters entering the qEAM FF energy expression to the training set using an optimization algorithm based on simulated annealing. We de ne an error function of the form:
where the sum runs over the di erent q u a n tities to be tted, Q qEAM i is the value given by the qEAM FF for quantity i, Q target i is the target quantity and C i are weight factors. The EOS information of the di erent phases account for 78% of the total cost elastic constants and vacancy formation energy account for 9% each one surface energy represents 3% of the total cost and energy of sheared bcccrystal represent 1%.
In Tables IIandIIIwe show the optimized qEAM parameters. A detailed comparison between the qEAM FF and the data it was tted to is shown in the following subsections, together with other ab initio and experimental results. We also show the calculation of related quantities obtained using the qEAM FF via MD or Molecular Mechanics simulations.
A. Equation of state and elastic constants
The most important q u a n tities used to develop the qEAM FF are zero temperature EOS for di erent crystal phases of Ta in a wide pressure range. We used energy-volume and pressure-volume for bcc Ta from Section I fcc-bcc energy di erence and fcc pressure for di erent volumes from Section I and rst principles A15-bcc energy di erence obtained by S oderlind and Moriarty 1 using full potential linear mu n-tin orbital method within the GGA approximation with spin orbit interactions. Ta is a bcc metal and no pressure-induced phase transition to other solid structure has been found experimentally or theoretically. Nevertheless, using QM it is possible to calculate the equation of state for di erent crystal structures (see section I) although they may not be thermodynamically stable. Including the EOS of di erent phases in the FF development leads to correct classical description of the atomic interactions even when the environment of an atom is not that of the stable phase this is very important to study defects and non-equilibrium processes.
In Figure 2 We also include in the FF training set the ab initio elastic constants from Section I at zero pressure. Table I We calculated the T= 300 K EOS using isothermal-isobaric (NPT) MD with a Hoover 26 thermostat and Rahman-Parrinello barostat. 27 In Table I we s h o w the T=300 K zero pressure volume (V 0 ), bulk modulus (K T ) a n d i t s r s t d e r i v ative with respect to volume we also show recent experimental data 18 obtained in a diamond-anvil cell at room temperature. It is clear that the qEAM FF, reproduces the bccEOS very well.
From Figures 2 to 6 and Table I we can see that the general agreement between the qEAM and rst principles results is very good. Zero temperature EOS data obtained with the qEAM FF is available in the supplementary material. 16 
B. Vacancy formation energy
As mentioned above we used experimental values for vacancy formation energy and cohesive energy in the training set used to t the qEAM FF. The experimental value for the relaxed vacancy formation energy is E vac = 2 :8 eV. 28 From this value we estimate the value of the unrelaxed vacancy formation energy to be 3 eV. This unrelaxed value was used to t the qEAM FF. The value for the cohesive energy used is E coh = 8 :10 eV.
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The volume-relaxed vacancy formation energy is de ned in computer simulations as: e vac (P ) = e vac (N ; 1 P ) ; N ; 1 N e xtal (N P) (12) where e xtal (N P) is the energy of the perfect crystal with N atoms at pressure P and e vac (N;1 P ) is the energy corresponding to the N-1 atoms system with a vacancy at pressure P where the atomic positions are not allowed to relax. The relaxed vacancy formation energy is de ned in the same way but with e vac (N ; 1 P ) being the atom-relaxed energy of the system w i t h a v acancy.
The volume-relaxed vacancy formation energy obtained using the qEAM FF is 3.10 eV, in very good agreement with the target value (3 eV) and only slightly lower than the abinitio value 3:25eV. The relaxed vacancy formation energy obtained with the qEAM FF is 2:95 eV. Previous work by Korhonen, Puska and Nieminen, using a DFT full potential linear mu n-tin orbital method with LDA g i v e 3 :49 eV for the unrelaxed vacancy formation energy 30 Satta, Willaime and Gironcoli 3 (using DFT plane Waves LDA) calculated 3:51 eV and 2:99 eV for unrelaxed and relaxed vacancy formation energies recently S oderlind, Yang, Moriarty and Wills (also using the full potential linear mu n-tin orbital method with GGA) obtained 3:74 eV for the volume relaxed vacancy formation energy and 3:2 for the relaxed vacancy formation energy. Table IV summarizes our vacancy formation energies together with previous theoretical results and experimental data.
In Figure 7 (a) we show volume-relaxed vacancy formation energy (e vac ) as a function of pressure (P) the thick solid line shows qEAM results and circles denote QM results of Section I. We used a simulation cell containing 54 for the perfect crystal case with periodic boundary conditions. Vacancy formation enthalpy is de ned in the same way a s e vac (P ) e q . In order to calculate vacancy formation enthalpy at nite temperatures as a function of pressure we performed NPT MD simulations using a cell containing N = 1458 atoms with periodicboundary conditions. We performed simulations at 9 di erent volumes (19, 18.36, 18, 17, 16, 15, 14, 13, 11 A 3 ) for each volume we started with the relaxed structure a T = 0 K and heat the system in 100 K steps for each temperature we performed 25 ps MD simulations and used the last 20 ps for measurements. In Figure 9 we show vacancy formation enthalpy as a function of pressure for T = 0 K (full atomic relaxation), T = 300 K, the volume-relaxed enthalpy is also shown for comparison the zero pressure values are also shown in Table IV . The fundamental data used to calculate vacancy energy, enthalpy and volume can be found in the supplementary material.
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A v ery important quantity, which determines vacancy mobility, is the vacancy migration energy barrier (E mig vac ). We calculate E mig vac using the qEAM FF by marching a nearest neighboratom towards the position of the vacancy in short steps. At each step the position of the marching atom is xed, as well as that of a distant reference atom, and the positions of all the other atoms are relaxed at constant pressure. In this way we obtain the optimum migration path and energy as a function of displacement. In Figure 10 we show the energy as a function the position of the marching atom for zero pressure and zero temperature we obtain a vacancy migration energy E mig vac 1:093 eV. The activation energy for self di usion is de ned as Q = E f vac + E mig vac , using the qEAM FF we obtain Q = 4 :028 eV in good agreement with the experimental value 3:8 0:3 e V , 31 and ab initio calculations 3 which give 3 :82 eV, see Table IV . At T=300 K we obtain a vacancy migration energy of 1.1 0.5 eV, see Table IV , very similar to the zero temperature value.
C. Energetics of homogeneously sheared bcccrystal
Zero temperature, rst principles energetics of a homogeneously sheared bcccrystal in the observed twinning mode was also included in the qEAM training set.
The ideal shear strength is de ned to bethe stress separating elastic and plastic deformation when a homogeneous shear is applied to a perfect crystal. It gives an upper bound for the shear strength of the material. The shear transformation is in the direction of the observed twining mode and deforms the crystal into itself. 1 32 For bcc crystal we use the following transformation of the cell vectors: 1 32 (14) where e(V s) is the energy peratom of the deformed system and e(V s= 0 ) is the perfect crystal energy. The energy barrier associated with this transformation is W max = W(s = 0:5). The corresponding stress is de ned as:
The ideal shear strength ( max ) is de ned as the maximum stress along the path. In Figure  11 we show energy and stress as a function of shear using the qEAM FF for zero pressure volume, see also 
IV. THERMAL EXPANSION
Thermal expansivity is an important materials property that can becalculated directly from MD simulations. In order to calculate the lattice constant as a function of temperature for zero pressure we performed NPT MD simulations with a computational cell containing 1024 atoms increasing the temperature by 100 K every 25 ps at zero applied pressure. For each temperature the rst 5 ps were taken as thermalization and the remaining 20 ps were used for measuring, in this case, the lattice constant. 16 Ab initio MD simulations are very time consuming and only feasible for small systems and short times thus in order to calculate the thermal expansion from rst principles we take the following approach. 35 The Helmholtz free energy can be written as: F(V T) = E 0 (V ) + F el (V T) + F vib (16) where E 0 (V ) is the zero temperature energy (Section I), F el (V T) is the electronic contribution and F vib is the vibrational part of the free energy. The electronic contribution is obtained using quantum statistical mechanics. The vibrational part is obtained using the particle in a cell method, 36 further detail of our calculations can be found in Ref. 35 . This calculations were performed using the mixed basis pseudopotential method and a cell containing 54 atoms.
In Figure 12 The high temperature experimental results (shown as dashed lines) represent provisional experimental data. 37 MD and the particle in cell method are based on classical mechanics so none of the them are expected to capture the low temperature behavior where the di erences between quantum and classical statistical mechanics are important. The force eld results agree with experimental data well for example at T = 2000 K the qEAM FF underestimates the change in lattice parameter by less than 0:2%. This is an important result since the thermal expansion in related to anharmonicities of the internal energy. Our ab-initio data also agree well with the experimental results we slightly overestimate thermal expansivity for temperatures lower than T=2000 K.
V. MELTING CURVE OF Ta
We studied melting of Ta using one phase and two-phase MD simulations with the qEAM force eld.
In Fig. 13 we show the results of zero pressure heating a solid sample until it melts and then cooling the melt. The system contains 1024 atoms with periodic boundary conditions with a heating and cooling rate of 100 K per25 ps. In Figure 13 we plot enthalpy Figure  13 (a)] and volume Figure 13(b) ] as a function of temperature. The solid superheats on heating and the liquid undercools as expected for a small, periodic system with no defects to act as nucleation centers.
In order to overcome some of these problems we calculate the melting temperature using the \two phase technique". Pre-simulated liquid and pre-simulated solid are joined in the computational cell. Once this initial con guration is built we perform TPN MD (using a Hoover thermostat and Rahman-Parinello barostat) simulation and observe which phase grows. If the temperature T is lower than the melting temperature at the given pressure T melt (P )] the liquid will start crystallizing, on the other hand the solid will melt if T > T melt (P ).
Given that the liquid-solid phase transition is rst order, i.e. the energy of the solid and liquid in equilibrium di er by a nite amount, it is very easy to know whether the system is crystallizing or melting by analyzing the time evolution of the total potential energy during the MD run. In Figure 14 we show potential energy as a function of time for zero pressure two-phase simulations at di erent temperatures. We can see that at T=3100 K (circles in Fig. 14 ) the potential energy decreases with time this means that the solid phase is growing and T melt > 3100 K. On the other hand, for T = 3200 K the energy grows, the system is, then, melting and T melt < 3200 K. At T = 3150 K the energy is rather constant and both phases are in equilibrium. This value for the zero pressure melting is in very good agreement with experimental results which range from 3213 K to 3273 K. 38 This is a very important validation of the FF, taking into account that only zero temperature data was used in its development.
The slope of the melting curve is given by the Clausius Clapeyron equation:
T H V (17) where H and V are the enthalpy and volume di erence between the liquid and solid in equilibrium respectively. >From our MD runs, see Figure 13 , the slope of the melting curve at zero pressure is dT=dP = 92:8 K/GPa, larger than the the experimental value dT=dP = 6 0 10 K/GPa. 39 Using the two phase simulation procedure we calculated the melting temperature for for di erent pressures, up to 300 GPa. In Figure 15 we show the melting curve for Ta, see also Ref. 16 . To the best of our knowledge this is the rst calculation of melting temperature in Ta for such high pressures. Zero pressure experimental values are also shown in Figure  15 . 38 High pressure melting of Ta h a s b e e n studied experimentally via shock compression 40 melting is associated with a change in the velocity of the rare cation wave (from the longitudinal to the bulk sound velocity). The transition was found to occur in the pressure range from 250 GPa to 295 GPa. 40 The calculation of the temperature along the Hugoniot is di cult the electronic contribution to the speci c heat has a very strong e ect on the melting temperature. 40 Assuming free electron gas the melting temperature is 10000 K while considering band electrons give T melt 7500 K, see Ref. 40 . These experimental values are also shown in Figure 15 our MD results are roughly in the mid point between the two experimental temperature estimates.
VI. CONCLUSIONS
We h a ve presented here a general strategy to derive accurate classical force elds based on ab initio QM mechanical calculations. Force elds allow calculations on systems containing millions of atoms, providing a means to study from an atomistic point of view a variety of processes relevant to the mechanical and thermodynamical properties of metals, such as dislocations dynamics and interactions, failure, crack propagation, etc.
We s h o wed that the qEAM FF describes with good accuracy the EOS of Ta for di erent crystal phases bcc (coordination number 8), fcc (coordination number 12), and A15 (mixed coordination numbers)], and also elastic constants, vacancy formation energy, and energetics of the deformed bcc lattice in the twinning direction. A critical point in our approach is that in developing the force eld we use not only the thermodynamical stable phase but also high energy phases and large strains a force eld that can correctly describe such structures should be appropriate for simulations of defects and non-equilibrium processes.
The large amount of QM data used to derive our force eld gives an important measure of its quality. Next generation FF under development should improve in surface energy and c 44 at high pressures.
We used the qEAM FF with MD to calculate the melting curve for Ta. The zero pressure melting temperature obtained from our simulations T melt = 3150 50 K is in very good agreement with the experimental result of 3290 100 K. This is an important result given the fact that the qEAM FF is based on zero temperature data.
We have used the qEAM FF to study spall failure 41 in Ta and dislocation properties such as core structure and energy, Peierls stress and potential for the 1/2a < 111 > screw dislocation 42 with systems containing as many as 50,000 atoms. We are currently performing shock simulations in systems containing more than a million atoms using a parallel MD code for a system containing 1,098,500 atoms 1 ps of MD simulations (1000 steps) takes approximately one hour on an SGI Origin 2000 computer using 128 250-MHz R10000 processors.
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